The thioredoxin (Trx) system, which involves Trx, Trx reductase (TrxR), and peroxidase (Prx), is an important regulator of the cellular redox state. [9] [10] [11] Trxs are small redox proteins characterized by their proximate cysteines in a CXXC motif. Trx can reduce target proteins via cysteine thiol-disulfide exchanges. Trx-dependent Prx can also directly scavenge ROS (H 2 O 2 ). In turn, TrxR converts oxidized Trx to its reduced form to facilitate its redox activity. Cytosolic Trx consists of Trx1, Trx1 reductase (TrxR1), and Trx1-dependent peroxidase. The mitochondrial-specific Trx system comprises Trx2, Trx2 reductase (TrxR2), and peroxiredoxin-3
H eart failure is a common clinical condition with a high morbidity and mortality. 1, 2 Conditions including dilated cardiomyopathy, inherited cardiomyopathy, diabetic cardiomyopathy, cardiac hypertrophy, and myocardial infarction can all eventually result in heart failure. Results from human studies and animal models have suggested that the development of heart failure is associated with increased levels of reactive oxygen species (ROS). [3] [4] [5] [6] Apoptosis of cardiomyocytes, induced by ROS, has been causally linked to the pathogenesis of heart failure. 7, 8 However, the mechanisms by which ROS contribute to the development of heart failure remain unclear.
(Prx3) and is highly expressed in tissues with high metabolic demand, such as the heart, brain, and liver. [9] [10] [11] In addition to their role in regulating the cellular redox state, both cytosolic Trx1 and mitochondrial Trx2 are capable of forming a complex with apoptosis signal-regulating kinase 1 (ASK1), a redox-sensitive serine/ threonine kinase that is activated in response to oxidative stress. 12 Upon an increase in cellular ROS, critical cysteine residues in Trx become oxidized, and Trx is dissociated from the Trx-ASK1 complex, resulting in the autoactivation of ASK1 and the induction of mitochondrial-dependent apoptotic cell death pathways. 13, 14 Global gene knockout of Trx1, TrxR1, Trx2, or TrxR2 causes embryonic lethality, which is likely due to increased cellular oxidative stress. [15] [16] [17] [18] Trx1 knockout mouse embryos die shortly after implantation owing to the proliferation defects of the inner cell mass cells. 19 Mouse embryos with a global deletion of TrxR1 display severe growth retardation and have reduced cell proliferation similar to that observed in Trx1-deficient mice. 18 Although a global deletion of Trx2 or TrxR2 also causes early embryonic lethality, it appears that this effect is due to cellular apoptosis. [15] [16] [17] TrxR2-deficient embryos also exhibit severe anemia with defects in hematopoiesis, increased apoptosis in the liver, and thinning of the heart ventricular wall. 15 Heart-specific deletions of TrxR1 or TrxR2 have been reported. Mice with a heart-specific inactivation of TrxR1 develop normally and appear healthy. 18 In contrast, cardiac tissue-restricted ablation of TrxR2 results in fatal dilated cardiomyopathy, a condition reminiscent of Keshan disease and Friedreich ataxia. 15, 18 Indeed, a recent clinical genetic study identified loss-of-function mutations in TrxR2 in patients with dilated cardiomyopathy. 20 Based on these findings, it has been suggested that the mitochondrial Trx2/TrxR2 system is essential for normal cardiac function. 15, 18 Interestingly, mice with inducible cardiac-specific deletion of TrxR2 do not develop dilated cardiomyopathy, but these mice do exhibit exacerbated damage after ischemia/ reperfusion injury. Because Trx2 (rather than TrxR2) directly catalyzes mitochondrial thiol-disulfide exchanges and ROS scavenging, we reasoned that the expression and activity of Trx2 is critical to maintain normal cardiac function. However, the role of Trx2 in heart development and pathogenesis has yet to be determined, because the Trx2 knockout is embryonically lethal. Therefore, we examined Trx2 expression in human hearts with cardiomyopathy and investigated the intrinsic role of Trx2 in the heart by developing and characterizing mice with a cardiac-specific deletion of Trx2.
Materials and Methods
Clinical specimens were collected from normal and diseased hearts during surgical procedures with approval from the relevant institutional review boards. All animal studies were approved by the Institutional Animal Care and Use Committee of Yale University. Expanded materials and methods are provided in the online-only Data Supplement. These methods include human sample collection, the generation of mice with a cardiomyocyte-specific deletion of Trx2 (Trx2-cKO), cell culture, immunoblotting and antibodies, immunogold electron microscopy, histology and immunohistochemistry, and mitochondrial DNA quantification, mitochondria isolation, Trx2 activity assay, measurements of mitochondrial mass, mitochondrial membrane potential (ΔΨm), and ATP production as we described previously. 21, 22 Gene expression was performed with the use of the NanoString nCounter system.
Generation of Mice With a Cardiomyocyte-Specific Deletion of Trx2 (Trx2-cKO)
The Trx2-targeting vector was constructed in a pEASYflox vector containing the 5′ arm of homology (upstream of exon 3), knockout arm (exon 3), and 3′ arm of homology (downstream of exon 3) of the Trx2 gene (see online-only Data Supplement for details). Trx2 floxed-allele mice (Trx2 lox/lox ), in which lox-P sites bracket exon 3, have no basal phenotype. Trx2 lox/lox mice were backcrossed with C57BL/6 mice for >6 generations. Trx2 lox/lox mice were crossed with α-myosin heavy chain (α-MHC)-Cre mice (C57BL/6 background) in which the Cre recombinase expression is driven by the α-MHC promoter to generate mice with cardiac myocyte-specific deletion of Trx2 (Trx2 lox/lox :MHC-Cre, designated Trx2-cKO). The MHC promoter is widely used to study gene function in cardiac pathogenesis. 23 This promoter is restricted to cardiac myocytes and is expressed only in the atria during embryonic development, and in both the atria and ventricles immediately before birth when it becomes a predominant isoform during adulthood. 23 Exon 3 of the Trx2 gene encodes a region containing the WC 90 GPC 93 G functional motif that is deleted in hearts of the Trx2-cKO mice, leading to a frameshift of the downstream coding sequence, resulting in a complete loss of Trx2 expression specifically in cardiomyocytes. All experiments were performed with Trx2-cKO, and Trx2 lox/lox littermates were used as controls. Mice were cared for in accordance with National Institutes of Health guidelines, and all procedures were approved by the Yale University Animal Care and Use Committee.
Administration of ASK1i in Mice
ASK1i (GS-444217; 30 mg/kg) or vehicle control was administered once per day by oral gavage to littermate control or Trx2-cKO pups from postnatal day (P)10 until P27. The mice were then administered ASK1i ad libitum in regular chow (0.2% GS-444217) starting from P30. Control mice and vehicle groups were used as controls.
Hemodynamic and Echocardiographic Measurements
Anesthesia was induced by intraperitoneal injection of ketamine (100 mg/kg)/xylazine(10 mg/kg). Mice were then intubated and placed on positive pressure ventilation; light anesthesia was maintained by inhaled isoflurane. The right common jugular vein was cannulated with polyethylene tubing, and a 1.9F transducer-tipped catheter (Millar Inc., Houston, TX) was advanced into the left ventricular via the right carotid artery. Left ventricular pressures, including high-fidelity positive and negative dP/dt, were measured under basal conditions. Data were recorded by using MacLab software and were analyzed by using the Heartbeat program (UC San Diego). Echocardiograms were obtained on lightly anesthetized mice (isoflurane inhalation via nosecone) by using the Vevo770 system (VisualSonics, Toronto, Canada) with a 40-MHz probe. Zoomed 2-dimensional images were used to determine a short-axis plane at the level of the papillary muscles, and then M mode was obtained at this level. Measurements were obtained by using the Vevo770 analysis software.
Number of Animals
Separate cohorts of animals were used for the different studies. The survival study observed 64 animals up to 140 days. Additionally, >200 mice were euthanized at various times from 3 days to 3 months of age for diverse analytic procedures, many of which required different processing of the samples.
Data and Statistical Analysis
Data are represented as mean±standard error of the mean. Comparisons between 2 groups were by unpaired t test, between >2 groups by 1-way analysis of variance followed by Bonferroni post hoc test or by 2-way analysis of variance, and between groups of results over time by repeated-measures analysis of variance. Analyses were performed by using Prism 4.0 software (GraphPad). P values were 2-tailed and values of <0.05 were considered to indicate statistical significance. By considering the random effects for factors heart and field for ASK1 expressing cells of human heart tissues detected by immunohistochemistry, data were also analyzed by a mixed-effects model. For the mixed-effect model calculation, the R Software for statistical computing, lme4 package (linear mixed-effects models using Eigen and S4) and lmerTest package were used to calculate the mixed-effects model.
Results

Human Hearts With Dilated Cardiomyopathy Show Reduced Trx2 Expression and Increased ASK1 Activity
Because an association of Trx2 gene mutations with human dilated cardiomyopathy has not been found, we investigated whether Trx2 expression might be reduced in human hearts with cardiomyopathy. Hence, we measured Trx2 expression in the myocardium from organ donors with preserved cardiac function (normal heart) and cardiac transplant recipients with severe idiopathic dilated cardiomyopathy (DCM; Figure I in the online-only Data Supplement). Trx2 expression was significantly reduced in idiopathic DCM ( Figure 1A with quantification in Figure 1B ). Dimerization of Trx2-dependent peroxidase Prx3, an indicator of oxidative stress, 24 was significantly increased in idiopathic DCM ( Figure 1A with quantification in Figure 1C ). TrxR2 expression was increased, possibly as a compensatory mechanism for reduced Trx2 ( Figure 1A with quantification in Figure 1D ). However, Trx1 levels were comparable between normal and idiopathic DCM groups ( Figure 1A with quantification in Figure 1E ). Consistent with an inhibitory effect of Trx2 on ASK1 activity and apoptosis, 14 the phosphorylation of ASK1 and active caspase-3 were significantly increased in idiopathic DCM ( Figure 1A with quantification in Figure 1F and 1G). The presence of severe coronary disease in an additional group of organ donors with preserved cardiac function did not significantly alter Trx2 expression or ASK1 activation in the myocardium (data not shown). We also determined the expression of Trx2 and ASK1 by histological analysis. Myocardium from patients with cardiomyopathy exhibited reduced Trx2 expression concomitant with increased ASK1 detection from few to approximately one-third of cardiomyocytes ( Figure 1H ), further suggesting the importance of Trx2 in maintaining normal myocardial function by inhibiting oxidative stress and ASK1.
Mice With Cardiac-Specific Deletion (Trx2-cKO) Develop DCM
Embryonic lethality due to global knockout of Trx2 in mice precludes a thorough analysis of the function of Trx2 in cardiac function in the postdevelopmental setting. [15] [16] [17] [18] Therefore, we created cardiac-specific Trx2 knockout (Trx2-cKO) mice by breeding Trx2 lox/lox with MHC-Cre mice in which Cre recombinase is driven by the cardiac-specific α-MHC promoter (MHCCre; Figure IIA and IIB in the online-only Data Supplement). A specific deletion of Trx2 in the Trx2-cKO heart was verified by the following approaches: (1) genotyping of genomic DNA with primers for the KO allele that was detected specifically in heart ( Figure IIC Human hearts with cardiomyopathy show reduced Trx2 expression and increased ASK1 activity. Myocardial tissues were harvested from organ donors with preserved cardiac function (normal heart or Nl) and from cardiac transplant recipients with idiopathic dilated cardiomyopathy (DCM). A, Trx2, dimeric and monomeric Prx3, TrxR2, Trx1, phospho-and total ASK1, cleaved (active) caspase-3, and GAPDH were measured by Western blot. Samples were from 3 individuals in each group. B through G, Normalized protein levels of Trx2, TrxR2, Trx1, and active caspase-3 (to GAPDH), and the ratios of Prx3 dimer/ monomer and p-ASK1/ASK1, as well, were quantified as fold of change in comparison with a value of the first normal heart sample arbitrarily set as 1.0. Data are presented mean±SEM, n=3, and analyzed by t test by using Prizm, *P<0.05. H and I, Immunostaining for Trx2 and ASK1 in normal and diseased human heart; scale bar, 50 μm. ASK1 strong expressing cells are quantified (I). Data presented are mean±SEM, 3 fields per section and 5 sections from each myocardium, n=3, and analyzed by t test by using Prizm, ***P<0.001. Considering the effects for factors heart and field, data were also analyzed by using a mixed-effects model, P<0.001. ASK1 indicates apoptosis stress kinase-1; Prx3, peroxiredoxin-3; SEM, standard error of the mean; Trx2, thioredoxin 2; and TrxR2, Trx2 reductase.
the deficiency of Trx2 protein expression in cardiomyocytes isolated from Trx2-cKO hearts but not in vascular endothelial cells ( Figure IIF in the online-only Data Supplement).
Trx2 lox/lox mice were viable and developmentally normal with cardiac function similar to wild-type (WT) C57BL/6 mice at birth. However, Trx2-cKO mice had 100% mortality by 4 months of age, with survival declining rapidly starting at 3 months of age (Figure 2A ). Longitudinal echocardiogram analyses of Trx2-cKO at 1, 2, and 3 months after birth revealed a severe DCM with a significant reduction in left ventricular (LV) fractional shortening in Trx2-cKO in comparison with control Trx2 lox/lox hearts, with a progressive decline in LV function from 1 to 3 months ( Figure 2B and 2C ). Trx2-cKO mice also exhibited progressive increases in LV systolic and diastolic dimensions from 1 to 3 months ( Figure 2D and 2E). At 3 months of age, the Trx2-cKO mice had significantly reduced LV peak systolic pressure ( Figure 2F ), reduced rates of LV pressure increase (+dP/dt) and pressure decrease (-dP/ dt; Figure 2G ), indicative of LV contractile dysfunction.
Structural and Molecular Analyses of DCM in Trx2-cKO Mice
To determine the structural basis for the abnormal cardiac function caused by Trx2 deletion, we performed gross, histological, and ultrastructural analyses of Trx2-cKO hearts at 1, 2, and 3 months after birth. Trx2-cKO mice had age-dependent increases in heart weight (but not in body weight) and in the ratio of heart weight to body weight, indicating a cardiac hypertrophic response ( Figure 3A through 3C ). Trx2-cKO mice also had elevated lung/body weight ratio in comparison with the control group at 3 months ( Figure 3D ), indicative of pulmonary edema caused by cardiac defects. Gross pathological changes were also apparent in the hearts of Trx2-cKO mice, including marked atrial and ventricular dilation. Hematoxylin and eosin staining of sagittal cross-sections revealed that Trx2-cKO had marked 4-chamber enlargement ( Figure 3E ). Quantitative analyses of cardiomyocyte cross-section area visualized by hematoxylin and eosin ( Figure 3F ) and wheat germ agglutinin ( Figure 3G ) staining revealed age-dependent increases in cell size in Trx2-cKO hearts ( Figure 3H ). Wheat germ agglutinin staining for cell surfaces also detected capillaries in the myocardium, but the ratio of capillary/myocyte (≈5:1) was not significantly altered in Trx2-cKO hearts. Trx2-cKO hearts also had age-dependent increases in interstitial fibrosis in both the atria and ventricles as detected by using Mason Trichrome staining ( Figure 3I and Figure III in the online-only Data Supplement). Taken together, these data suggest that Trx2 is required for the maintenance of normal cardiac structure and function during early cardiac growth.
To characterize the molecular changes associated with the DCM and heart failure phenotype, we performed gene expression profiling. Six pairs of heart tissue from WT and Trx2-cKO mice at 3 months of age were subjected to NanoString analysis of gene expression. This molecular analysis revealed striking upregulation/downregulation of genes that are wellestablished markers of human heart failure and that are highly consistent with the DCM phenotype observed in the Trx2-cKO mice ( Figure 3J ). Among the genes with significant dysregulation in Trx2-cKO included classic markers of heart failure, including atrial natriuretic peptide and brain natriuretic peptide (the highest induced upregulated genes, increased by ≈17-fold and ≈10-fold, respectively). There was also clear induction of hypertrophic fetal gene reprogramming, with cardiac deletion of Trx2 resulting in a ≈4-fold upregulation of βMHC (with concomitant 4-fold downregulation of αMHC) and a ≈5-fold increase in expression of cardiac α-actin. There was also significant upregulation of profibrotic genes including TIMP-1 (increased by ≈7-fold), periostin (increased by ≈5-fold), TGF-β2 (increased by ≈4-fold), PAI-1 (increased by ≈3-fold), and Trx2-cKO mice exhibit dilated cardiomyopathy revealed by structural and molecular analyses. A through D, Heart and lung tissues were harvested from Ctrl and Trx2-cKO mice at various ages. Body weight (A), heart weight (B), and heart weight/body weight ratios (C) were measured at 1 to 3 months of age. Lung weight/body weight ratios (D) were quantified at 3 months of age. Data are mean±SEM, n=6; *P<0.05; **P<0.01; ***P<0.001. E, Biventricular enlargement of Trx2-cKO heart. Sagittal cross-sections of hearts from Ctrl and Trx2-cKO mice were subjected to H&E staining. Representative heart images of 3-month-old Trx2-cKO vs Ctrl littermates; scale bar, 1 mm. F through H, Cardiomyocyte size is increased in Trx2-cKO heart. Representative images of cross-sections from 3-month-old heart stained by H&E (F) and WGA immunofluorescence staining (G) are shown; scale bar, 50 μm. Cardiomyocyte cross-section areas at different ages were quantified in H. Data are mean±SEM, averaged from 3 sections from each heart, n=6 mice per group at each age; *P<0.05; **P<0.01; ***P<0.001. I, Trx2-cKO heart increases in fibrosis. Mason Trichrome staining of ventricle sections from Ctrl and Trx2-cKO mice; scale bar, 50 μm; blue staining indicates fibrosis, n=6 mice per group. J, Gene expression analysis of myocardial tissue from WT and Trx2-cKO animals at 3 months of age was performed by using Nanostring. Gene expression was normalized to the geometric mean of 3 housekeeping genes: ACTB, GAPDH, and GTF2-β. Significant changes in gene expression between WT and Trx2-cKO that were ≥2-fold were rank ordered, and a heat map was created by using cluster analysis software (increase shown in red; decrease in green). Statistical analysis was performed by using Student 2-tailed t test, n=6 for each group, P<0.01 for all listed genes. cKO indicates cardiac-specific knockout; Ctrl, control; H&E, hematoxylin and eosin; SEM, standard error of the mean; Trx2-cKO, cardiac-specific Trx2 knockout mice; WGA, wheat germ agglutinin; and WT, wild type.
LOX (increased by ≈3-fold) consistent with the fibrotic myocardium of the Trx2-cKO mice at 3 months ( Figure III in the online-only Data Supplement). In contrast, there was a consistent downregulation of genes regulating Ca 2+ handling and contractility. These included the α 1 -adrenergic receptor (gene expression reduced by ≈11-fold, the most downregulated gene), the β 1 -adrenergic receptor (reduced by ≈3-fold), phospholamban (reduced by ≈6-fold), the ryanodine receptor-2 (reduced by ≈5-fold), and the sarco/endoplasmic reticulum Ca 2+ -ATPase (reduced by ≈5-fold). There was also reduced expression of ion channels that regulate the cardiac action potential, including the voltage-gated potassium channels Kv4.2 (reduced by ≈5-fold) and Kv4.3 (reduced by ≈3-fold), and the hyperpolarizationactivated cyclic nucleotide-gated cation channel-4 (reduced by 5-fold). As expected, with cardiac-specific knockout of a key antioxidant enzyme, a number of redox-signaling genes were significantly perturbed in the Trx2-cKO heart. These included a 2.5-fold increase in expression of NAPDH oxidase 4 and a decrease in expression of antioxidant genes, including mitochondrial superoxide dismutase-2 (SOD2; reduced by ≈5-fold), mitochondrial ALDH2 (reduced by ≈3-fold), and glutathione-S-transferase (reduced by ≈2-fold). NanoString analysis revealed dysregulation of a number of apoptotic genes, with a ≈2 fold increase in the proapoptotic Fas-Ligand and a decrease in antiapoptotic BCl211 (reduced by ≈4-fold). Notably, there was a significant 4-fold decrease in the expression of the mitochondrial biosynthesis genes peroxisome proliferator-activated receptor γ-coactivator and the peroxisome proliferator-activated receptor α. 25, 26 Taken together, these changes in gene expression provide molecular insight into the pathological processes (oxidative stress, apoptosis, fibrosis, electric remodeling, contractile dysfunction) which occur in the myocardium as a consequence of cardiac-specific deletion of Trx2, and are consistent with the constellation of changes in myocardial structure, metabolism, and electrophysiology that occur in human heart failure.
1,2
Mitochondria in Trx2-cKO Hearts Exhibit Disrupted Integrity and Reduced Function
To test our hypothesis that Trx2 exerts its endogenous cardioprotective function by preserving mitochondrial integrity and function, we measured mitochondrial structure, mitochondrial DNA copy and mass, mitochondrial function (ATP production and oxygen consumption rate) in WT and Trx2-cKO hearts. Mitochondrial integrity was first determined by ultrastructural analyses, using electron microscopy, in sections from the control and Trx2-cKO mouse hearts ( Figure 4A and 4B) . In normal myocardium, mitochondria were aligned in well-preserved rows between the longitudinally oriented cardiac myofibrils. Although the abundance of mitochondria in Trx2-cKO appeared not be significantly altered, loss of Trx2 at 1 month of age resulted in disorganized mitochondrial arrays and aggregates of swollen mitochondria with mild lysis of the cristae ( Figure 4A with higher power on the right). At 3 months of age, there was evidence of extensive damage to cardiac mitochondria, and disrupted cristae were detected in Trx2-cKO hearts ( Figure 4B ). Measurement of mitochondrial DNA (mtDNA) copy number by quantitative polymerase chain reaction suggest that Trx2 deficiency in mouse hearts caused no significant change in mtDNA copy number at 1 to 2 months of age, and only slight (76%) reduction at 3 months ( Figure 4C ). Cytochrome c oxidases (COX) are located in the inner mitochondrial membrane and function as an important terminal enzyme complex of the mitochondrial electron transport chain. COX protein expression can be used as an indicator for both mitochondrial mass and function. 27 There was a dramatic reduction in protein expression of both COX1 and COX4, which were reduced in an age-dependent manner in Trx2-cKO hearts. By 3 months of age, COX1 protein in the Trx2-cKO had declined to only 7.5% of control, whereas COX4 had declined to 37.5% ( Figure 4D with quantification in Figure 4E ). The mitochondrial electron transport chain consumes oxygen by oxidative phosphorylation to form cellular energy in the form of ATP. Therefore, we measured ATP content as a global readout of mitochondrial function. 28, 29 In Trx2-cKO hearts, ATP content was significantly impaired, as early as 1 month of age ( Figure 4F ), and progressively declined to reach only 35% of WT hearts at 3 months. We further measured the oxygen consumption rate in cardiomyocytes isolated from WT and Trx2-cKO at 1 month of age. Trx2 deletion decreased the basal respiration, ATP coupler response (oligomycin), and electron transport chain accelerator response (carbonyl cyanidep-trifluoromethoxyphenoylhydrazone; Figure 4G ). Addition of succinate substrate enhanced the oxygen consumption rate in WT but not in Trx2-deficient cardiomyocytes ( Figure 4H versus Figure 4G ). These morphological and biochemical data indicate that Trx2 is essential to maintain mitochondrial integrity and function in the heart and that Trx2 deletion results in the catastrophic loss of key mitochondrial integrity, leading to mitochondrial swelling, ultrastructural derangement, and reduced respiration and ATP production.
Cardiac-Specific Trx2 Deletion Induces Mitochondrial ROS Production, ASK1 Activation, and Promotes Apoptosis in the Myocardium
Oxidative stress and cellular apoptosis have been strongly implicated in the progression of hypertrophy and heart failure. [3] [4] [5] [6] 30, 31 We reasoned that disrupted mitochondrial integrity and function induced by Trx2 deletion would promote ROS generation and cellular apoptosis. We therefore examined Trx2-cKO hearts for oxidative stress levels by using the ROS probe dihydroethidium and measured apoptosis by using the terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay. Loss of cardiac Trx2 resulted in age-dependent increases both in apoptosis ( Figure 5A through 5C) and oxidative stress ( Figure 5D and 5E). To confirm that cardiac-specific deletion of Trx2 indeed reduced Trx2 activity in cardiac mitochondria, we determined Trx2 activity and measured ROS in mitochondria isolated from WT and Trx2-cKO hearts. Although both Trx2 and TrxR2 (but not the cytosolic protein GAPDH) were detected in mitochondria isolated from WT hearts, Trx2 protein expression and activity were almost completely absent in mitochondria isolated from Trx2-cKO hearts at 1 month of age ( Figure 5F and 5G). Any residual Trx2 protein expression/activity observed in the Trx2-cKO likely comes from Trx2 expression in noncardiomyocyte cells (ie, fibroblasts, endothelial cells, or vascular smooth muscle cells that do not have Trx2 deletion driven by the MHC-Cre promoter). To confirm that Trx2 deletion resulted in increased ROS, we measured rates of ROS generation in March 24, 2015
WT and Trx2-cKO mitochondria by using the mitochondrialspecific probe MitoSOX. As expected, ROS generation was significantly enhanced in Trx2-cKO mitochondria (increased by 2.7-fold in Trx2-cKO mitochondria in comparison with WT control, n=3, P<0.01; Figure 5H ), confirming that Trx2 deletion directly promotes mitochondrial ROS generation. . Mitochondria in Trx2-cKO heart exhibit disrupted integrity and reduced function. A and B, Ultrastructural analysis of mitochondrial integrity by transmission electron microscopy. Representative electron micrographs of Ctrl and Trx2-cKO heart sections at 1 month (A), with higher magnifications on the right) and 3 months of age (B). Scale bar, 2 μm. C, Total DNA from heart tissues of Ctrl and Trx2-cKO mice were purified and subjected to quantitative PCR with specific primers for murine mitochondrial DNA and nuclear 18S rRNA gene. Mitochondrial DNA copies were normalized to 18S rRNA, and fold changes in Trx2-cKO heart tissue are presented by arbitrarily setting 1-month-old Ctrl hearts as a value of 1.0. Data are mean±SEM, n=5 per group, *P<0.05 vs Ctrl littermates. D and E, Mitochondrial cytochrome c oxidase (COX1 and COX4) expression in Ctrl and Trx2-cKO heart tissues were determined by immunoblotting at 1 month of age 1 month of age to 3 months of age. The levels of COX1 and COX4 were not significantly altered on day 3 (not shown). Fold changes in protein expression were normalized by arbitrarily setting 3-day heart sample values as 1.0. n=4 at each time point; *P<0.05; **P<0.01; ***P<0.001. Figure 5 . Cardiac-specific Trx2 deletion induces mitochondrial ROS production and ASK1 activation with enhanced cellular apoptosis. A through C, TUNEL staining of heart tissue sections from Ctrl and Trx2-cKO mice at 1 to 3 months of age. Representative images are shown in A; scale bar, 50 μm. TUNEL-positive cells per 200× field (top) and the % of apoptotic cells (bottom) were quantified in B and C. Data are mean±SEM, n=3 mice for each time point, results averaged from 3 sections from each heart, *P<0.05; **P<0.01; ***P<0.001. D and E, Fresh heart tissue from Ctrl and Trx2-cKO mice at 1 to 3 months of age were stained with DHE. Representative images are shown in D (for 3 months of age); scale bar, 50 μm. DHE fluorescence intensity per 200× field were quantified in E. Data are mean±SEM from 3 independent experiments averaged from 10 randomly selected fields for each sample, **P<0.01; ***P<0.001. F through H, Effects of Trx2 deletion on mitochondrial ROS. Cytosolic and mitochondrial fractions were isolated from 1-month-old Ctrl and Trx2-cKO hearts. F, Expression of Trx2, TrxR2, ASK1 proteins and GAPDH were determined by immunoblotting. G, Trx2 activity was measured by using an insulin disulfide reduction assay in mitochondria-enriched fractions. H, ROS production from intact mitochondria was measured by MitoSOX probe in a fluorescence plate reader for 20 minutes. Data presented in G and H are mean±SEM, n=6 mice in each group, **P<0.01. I and J, Effects of Trx2 deletion on the expression of several cellular antioxidants (I) and ASK1 signaling proteins (J) were determined by immunoblotting. Two heart tissue samples from each group at 1 and 3 months of age are shown. Similar results were obtained from 2 additional experiments. AFU indicates arbitrary fluorescence unit; ASK1, apoptosis stress kinase-1; cKO, cardiac-specific knockout; Ctrl, control; Cyto, cytosolic; DAPI, 4′,6-diamidino-2-phenylindole; DHE, dihydroethidium; Mito, mitochondrial; ROS, reactive oxygen species; SEM, standard error of the mean; Trx2, thioredoxin 2; TrxR2, Trx2 reductase; Trx2-cKO, cardiac-specific Trx2 knockout mice; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling; and WT, wild type.
We next investigated both mitochondrial and cytosolic antioxidant pathways for evidence of a compensatory response to Trx2 deletion at 1 and 3 months of age. At 1 month, Trx2-cKO did not cause significant alterations in expression of antioxidant proteins, including cytosolic Trx1 and glutathione peroxidase 1, mitochondrial TrxR2, and SOD2. However, by 3 months of age, there were elevations in expression of the mitochondrial antioxidant proteins TrxR2 (2.8-fold increase, n=6) and SOD2 (1.7-fold increase, n=6) in the Trx2-cKO myocardium ( Figure 5I ), suggesting the involvement of a compensatory mechanism to account for increased mitochondrial ROS generation. The weak increase in mitochondrial SOD2 protein level was in contrast to the 5-fold reduction in SOD2 mRNA level measured by gene expression, indicating that mitochondrial SOD2 protein is likely regulated at the posttranscriptional level. We also measured glutathione levels as an indicator of global thioredox status, and found that total glutathione and ratios of oxidized glutathione:reduced glutathione were not significantly altered in control and Trx2-cKO heart tissues ( Figure IVB in the online-only Data Supplement). These data suggest that mitochondrial, but not cytosolic, antioxidant pathways were specifically altered to compensate for lack of Trx2.
We next investigated potential signaling mechanisms by which Trx2 deletion and mitochondrial ROS generation promote apoptosis in the myocardium. We have previously shown that Trx2 (in its reduced form) directly binds to mitochondrial-localized ASK1 and inhibits ASK1-mediated apoptosis.
14 Oxidation of Trx2, or Trx2 deletion, liberates ASK1 from Trx2 binding and results in ASK1 autophosphorylation and activation, resulting in the induction of mitochondrial-dependent cell death mediated via caspase-3 cleavage, in a mechanism that is independent of JNK. 14 In agreement with our previous study, ASK1 protein was detected by Western blot in cardiac mitochondria from WT, but the ASK1 level was increased in mitochondria from the Trx2-cKO heart at 1 month ( Figure 5F ). Furthermore, Trx2-cKO strongly induced ASK1 autophosphorylation at Thr845 (a marker of ASK1 activity), which was evident as early as 1 month of age and persisted through 3 months of age ( Figure 5J , top blots), and occurred concomitantly with the increase in ROS observed in Figure 5D and 5E. ROS-dependent phosphorylation of JNK and caspase-3 activation were only apparent at the late stage (3 months of age) in Trx2-cKO heart ( Figure 5J ). These data suggest that mitochondrial dysfunction and the activation of ASK1 may be an early event in the development of cardiac dysfunction induced by Trx2 deletion.
Deletion of Trx2 in Cardiomyocytes Induces ASK1 Activation, Mitochondrial Dysfunction With Increased Cellular ROS, and Apoptosis
Having established that cardiac-specific deletion of Trx2 increased ASK1 activity in the myocardium early in DCM disease progression, we explored the direct effect of Trx2 deletion on ASK1 activity in isolated cardiomyocytes. Neonatal cardiomyocytes were isolated from Trx2 lox/lox mice and then infected with Cre-expressing adenovirus to specifically delete Trx2 in vitro. Tropomyosin staining indicated that >90% of cells isolated from neonatal heart were cardiomyocytes, which could be efficiently infected by Cre-expressing adenoviruses. Trx2 protein was not detected in cardiomyocytes expressing Cre, as examined by immunostaining ( Figure V in the online-only Data Supplement). Trx2 deletion resulted in a ≈3-fold increase in ASK1 phosphorylation, which occurred without significant increases in JNK phosphorylation ( Figure 6A with quantifications in Figure 6B ). These data are consistent with our previous observation that Trx2-ASK1 regulates mitochondrial apoptosis, independent of JNK phosphorylation.
14 Trx2 deletion also resulted in significant mitochondrial membrane depolarization in isolated cardiomyocytes, as demonstrated by the significant reduction in red/green JC-1 ratio ( Figure 6C with quantifications in Figure 6D ). Because an intact ΔΨm is required for ATP generation through ATP synthase, this result is consistent with the reduction of ATP production observed in Trx2-cKO heart ( Figure 4A ). As observed in the Trx-2cKO heart, Trx2 deletion in the cardiomyocyte also led to an ≈3-fold increase in mitochondrial ROS generation ( Figure 6E with quantifications in Figure 6F ), and resulted in cardiomyocyte apoptosis ( Figure 6G with quantifications in Figure 6H Phosphorylations of ASK1 was determined by Western blotting. Total proteins of ASK1 and β-actin were also determined. The ratio of p-ASK1/ASK1 was quantified as fold changes by normalizing to untreated control (arbitrarily set as 1.0). Data are mean±SEM, n=4, **P<0.01. C through J, ASK1i on Trx2 deletion-induced responses. Neonatal cardiomyocytes isolated from Trx2 lox/lox mice were infected with adenovirus expressing LacZ or Cre recombinase and the cells were cultured in the presence or absence of an ASK1 inhibitor, GS-444217 (1 μmol/L) for 48 hours. The effects of Trx2 deletion on ASK1 signaling (C and D) and caspase-3 activation (E and F) were determined by immunoblotting with phosphor-ASK1, total ASK1, and cleaved caspase-3-specific antibodies. Similar results were obtained from 2 additional experiments. Ratios of p-ASK1/ASK1 (D) and active caspase-3 (F) were quantified as fold change by normalizing to LacZ (arbitrarily set as 1.0). Data are mean±SEM, n=4. *P<0.05. G and H, ROS analyses were performed by immunofluorescence microscopy using the mitochondria-specific ROS probe MitoSOX. I and J, Apoptosis analyses were performed by immunofluorescence microscopy by TUNEL staining. Representative images from 3 independent experiments are shown in G and I. Quantification of ROS and apoptosis are shown in H and J. Data are mean±SEM from 3 experiments, **P<0.01. AFU indicates arbitrary fluorescence unit; ASK1, apoptosis stress kinase-1; DMSO, dimethyl sulfoxide; GS, GS-444217; Trx2, thioredoxin 2; ROS, reactive oxygen species; SEM, standard error of the mean; and TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling.
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Inhibition of ASK1 Prevents Trx2 Deletion-Induced Mitochondrial Dysfunction, ROS Accumulation, and Apoptosis in Cardiomyocytes
Having observed that Trx2 deletion robustly induced ASK1 phosphorylation in both the myocardium ( Figure 5J ) and in isolated cardiomyocytes ( Figure 6A ), we determined whether ASK1 activity was necessary to mediate the cellular consequences of Trx2 deletion in the cardiomyocyte. GS-444217 is a selective, small molecule inhibitor of ASK1 that was synthesized at Gilead Sciences Inc. GS-444217 at 1 μmol/L inhibited >90% cellular ASK1 autophosphorylation induced by ASK1 overexpression ( Figure 7A and 7B) , and completely inhibited ASK1-dependent phosphorylation of p38, induced by either ASK1 overexpression or treatment with 100 μmol/L H 2 O 2 ( Figure VI in the online-only Data Supplement). In Trx2-deficient cardiomyocytes with Trx2 deleted by adenoviral Cre infection, treatment with 1 μmol/L GS-444217 significantly reduced (by 2.6-fold) the Trx2 deletion-induced increase in ASK1 phosphorylation ( Figure 7C , with quantification in Figure 7D ) and caspase-3 cleavage ( Figure 7E with quantification in Figure 7F ). Further, ASK1 inhibition significantly attenuated both mitochondrial ROS production (80% inhibition) detected by MitoSOX fluorescence ( Figure 7G with quantification in Figure 7H ) and cardiomyocyte apoptosis (67% inhibition) detected by TUNEL staining ( Figure 7I with quantifications in Figure 7J ). We next used an alternative cardiomyocyte cell line (rat H9C2) to confirm the role of the Trx2-ASK1 axis in regulating cardiomyocyte viability. Knockdown of Trx2 in H9C2 by small interfering (siRNA) induced ASK1 phosphorylation (increased by ≈3-fold), without activating JNK or p38, consistent with the data using MHC-Cre Trx2 deletion in murine cardiomyocytes. Furthermore, 1 μmol/L GS-444217 inhibited Trx2 knockdown-induced ASK1 activity (60% inhibition of ASK1 phosphorylation), abolished mitochondrial ROS generation, and prevented Trx2 knockdown-induced apoptosis to control levels (apoptotic cells increased from ≈5% with Ctrl siRNA to ≈12% in trx2 siRNA and reduced back to ≈5% in Trx2 siRNA+ 1 μmol/L GS-444217; Figure VIIC and VIIE in the online-only Data Supplement). These cellular data (obtained by using cardiomyocyte cell lines from 2 different species) demonstrate that ASK1 activity is required for Trx2 deletion-induced mitochondrial dysfunction, ROS production, and cardiomyocyte apoptosis, suggesting that ASK1 is a critical effector of mitochondrial-dependent cardiomyocyte cell death induced by Trx2 deletion.
ASK1 Inhibition Attenuates the Development of DCM in Trx2-cKO Mice
Finally, we determined whether inhibition of ASK1 with GS-444217 could attenuate the development of cardiac dysfunction and LV remodeling induced by cardiac Trx2 deficiency in mice. WT control and Trx2-cKO mice were given GS-444217 first by oral gavage (30 mg/kg, once a day, from P10 to P27) followed by diet chow containing GS-444217. Cardiac function and DCM phenotype were determined by echocardiogram (performed monthly from 1 to 4 months) and also by histological and biochemical analyses (performed at 3 months). GS-444217 treatment had no significant effects on body weight, cardiac function, or survival in WT control mice ( Figure 8A and 8B) . Importantly, ASK1 inhibition significantly reduced cardiac dysfunction and LV dilation and greatly prolonged the lifespan of Trx2-cKO mice, whose median survival increased by 40 days (n=15, P<0.001; Figure 8A ). GS-444217 significantly attenuated the progressive decline in LV fractional shortening observed in the Trx2-cKO mice from 1 to 3 months of age ( Figure 8B ). At 3 months of age, GS-444217 treatment improved % fractional shortening in the Trx2-cKO group by 52% in comparison with vehicle-treated Trx2-cKO mice (18% fractional shortening in the vehicle Trx2-cKO group in comparison with 39% fractional shortening in the GS-444217-treated Trx2-cKO group, n=10, P<0.001). ASK1 inhibition also significantly attenuated LV dilation induced by cardiac-specific deletion of Trx2 ( Figure 8B ). At 3 months of age, GS-444217 reduced the increase in LV Vol(d) and the LV Vol(s) from 125 μL and 78 μL in the vehicle Trx2-cKO group in comparison with 75 μL and 22 μL, respectively, in the GS-444217-treated Trx2-cKO group, n=10, P<0.01; Figure 8B ). The effect of ASK1 inhibition on the hypertrophic phenotype of Trx2-cKO heart was confirmed by histological analysis of cardiomyocyte area (cardiomyocyte area was increased by 2.8-fold in the Trx2-cKO vehicle in comparison with WT control, and by only 1.8-fold in the Trx2-cKO GS-444217 group, n=10, P<0.01; Figure VIIIA in the online-only Data Supplement) and analysis of atrial natriuretic peptide gene expression (GS-444217 treatment reduced atrial natriuretic peptide expression by 50% in comparison with Trx2-cKO vehicle hearts; Figure VIIIB in the online-only Data Supplement). As observed in cultured cardiomyocytes with Trx2 gene deletion, GS-444217 attenuated ROS production (dihydroethidium staining in Trx2-cKO myocardium was reduced by 64% with GS-444217 in comparison with vehicle-treated mice, n=10, P<0.01) and apoptosis (TUNEL staining in Trx2-cKO myocardium was reduced by 55% with GS-444217 in comparison with vehicle-treated mice, n=10, P<0.05) in the myocardium of Trx2-cKO mice ( Figure 8C with quantifications in Figure VIIIC and VIIID in the onlineonly Data Supplement). Consistent with results observed in cardiomyocytes, GS-444217 also inhibited the Trx2 deletion-induced activation of ASK1 (p-ASK1 induced by Trx2-cKO was reduced by 60% with GS-444217 (n=5, P<0.05), and significantly reduced caspase-3 cleavage by 50% with GS-444217 (n=10, P<0.01). In addition, GS-444217 also attenuated Prx3 dimerization induced by Trx2-cKO (reduced by 86% with GS-444217 in comparison with vehicle, n=5, P<0.05; representative Western blots in Figure 8D , with quantification in Figure 8E ).
Discussion
In the present study, we generated a mouse line where Trx2 was specifically deleted in cardiomyocytes. integrity, suppressing ROS production, and preventing ASK1-dependent apoptosis. Mice with a targeted, cardiacspecific deletion of Trx2 (Trx2-cKO) develop a progressive DCM, characterized by heart chamber dilation, wall thinning, interstitial fibrosis, and impaired contractile function, culminating in heart failure and death by 4 months of age. Histological and biochemical analyses of Trx2-cKO hearts from 1 to 3 months indicate that Trx2 deletion induces a progressive derangement of mitochondrial structure and function, resulting in mitochondrial swelling, reduced respiration, and concomitant reduction in ATP generation, accompanied by increased ROS production and cellular apoptosis. Cardiomyocytes deficient in Trx2 displayed a similar cellular phenotype, suggesting that the cardioprotective function of Trx2 observed in the heart is intrinsic to the cardiomyocyte. Mechanistic analyses indicate marked increases in ASK1 signaling and mitochondrial damage occurring early in the progression of cardiac dysfunction in the Trx2-cKO heart. Increased myocardial ASK1 activity is sustained and appears to play a key role in driving pathological cardiac remodeling induced by Trx2-cKO, because inhibition of ASK1 prevents Trx2 deletion-induced ROS production and apoptosis in cardiomyocytes and slows the progression of DCM and heart failure in vivo. Of potential clinical relevance, there is evidence that the dysregulation of the Trx2-ASK1 signaling axis also occurs in human DCM, because LV biopsies from patients with end-stage idiopathic DCM have reduced Trx2 expression, increased ASK1 phosphorylation, and increased caspase-3 cleavage. Taken together, our studies have established Trx2 as an essential antioxidant enzyme in the heart, whose activity is critically required for suppressing ROS-induced ASK1 activation and preventing maladaptive LV remodeling. Both the cytosolic Trx1/TrxR1 and the mitochondrial Trx2/TrxR2 systems are implicated in protecting against the pathogenesis of cardiac dysfunction. 8, 32 Exogenous Trx1 has cardioprotective effects in models of myocardial infarction, 33, 34 and Trx1 transgenic mouse hearts overexpressing Trx1 are resistant to ischemia/reperfusion. 35 Conversely, transgenic mice with cardiac-specific overexpression of a dominant negative mutant (C32S/C35S) of Trx1 develop cardiac hypertrophy, 36 but do not develop DCM or heart failure. Mechanistic studies have suggested that Trx1 modulates the redox modification and nucleocytoplasmic shuttling of class II histone deacetylases, master regulators of cardiac hypertrophy. 37 Our current study suggests that mitochondrial Trx2 in heart has distinct functions from the cytosolic Trx1. Here, we found that cardiac-specific ablation of Trx2 induces severe DCM, resulting in heart failure. Consistent with our findings, TrxR2, an enzyme that is critical for Trx2 activity, is also associated with DCM. 15 In a rat model of cardiac ischemia/reperfusion injury, administration of the TrxR2 inhibitor auranofin, significantly impairs postischemic recovery of function with increased cardiac apoptosis. 38 Similarly, cardiac-specific deletion of TrxR2 in mice results in increased infarct size and increased sensitivity to mitochondrial permeability transition. 39 These data suggest that mitochondrial TrxR2, like Trx2, is essential for endogenous cardioprotection. Recent clinical studies indicate that loss-of-function genetic mutations in the TrxR2 gene, leading to reduced flavin-adenine dinucleotide binding, are associated with DCM. 20 It is not yet known whether any genetic mutations or polymorphisms of the Trx2 gene are also associated with DCM in humans. Nevertheless, our data demonstrate that human hearts from patients with end-stage idiopathic cardiomyopathy have reduced Trx2 expression, concomitant with increased ASK1 activity, highlighting the importance of Trx2 in preserving heart function in humans. The mechanism(s) responsible for Trx2 downregulation in human cardiomyopathy and heart failure are unknown and need to be investigated further. We have recently shown that the TrxR2 inhibitor auranofin reduces Trx2 protein level (but not its mRNA), suggesting that TrxR2 activity is required for Trx2 protein stability and that oxidized Trx2 is more accessible for degradation. 40 Analyses of cardiac function, histology, and gene expression demonstrate that the Trx2-cKO mice feature many of the pathological processes (oxidative stress, apoptosis, fibrosis, electric remodeling, contractile dysfunction) that occur in human heart failure. Thus, Trx2-cKO may provide a useful preclinical model to examine the pathogenesis and molecular mechanisms of DCM and heart failure. Among genes with significant changes in the Trx2-cKO hearts detected by gene expression profiling were increases in well-established markers of cardiac hypertrophy, heart failure, and cardiac fibrosis. Conversely, genes that encode proteins that regulate the cardiomyocyte action potential and Ca 2+ handling/contraction were substantially downregulated in the Trx-cKO mice. It is not clear, however, which of these changes in gene expression occur as a direct result of cardiac-specific ablation of Trx2, and which occur as a consequence of the heart failure phenotype. Nevertheless, the molecular adaptations observed in the LV of the Trx2-cKO mice are highly consistent with those previously reported in human heart failure and in other preclinical models of DCM and heart failure. Trx2 is a mitochondrial antioxidant that exerts its endogenous cardioprotective function by protecting against excessive mitochondrial ROS, thus preserving mitochondrial integrity and function. The data herein indicate that the severe derangement of mitochondrial structure and function most likely contributes directly to the development of DCM in the Trx2-cKO mice. Trx2-cKO hearts had a progressive loss of mitochondrial integrity and function, as measured by mitochondrial copy number, mass, ultrastructure, mitochondrial permeability, and ATP production. Electron microscopic analyses revealed that mitochondria are parallel to the longitudinal axis of oriented intermediate filaments in normal murine hearts. The close proximity of well-aligned rows of mitochondria to the longitudinally oriented cardiac myofibrils is essential to provide a rapid and constant supply of ATP for contractile function. 41 However, mitochondria in Trx2-cKO hearts are spread irregularly between disorganized myofibrils. Mitochondria in Trx2-cKO hearts also appear swollen with numerous disrupted cristae. These morphological alterations are accompanied by the disruption of the mitochondrial membrane potential, reduced protein expression of the mitochondrial electron transport chain complexes COX1 and COX4, and significantly reduced ATP production, as well. The structural and functional alterations of mitochondria observed in Trx2-cKO hearts likely contribute to the reduced contractile force in Trx2-cKO mice with DCM. Loss of mitochondrial COX1/4 proteins also likely affects the capacity of mitochondria to collect electrons, and to transfer electrons from cytochrome c to molecular oxygen, leading to increases in electron leakage and further ROS production. Trx2, via mitochondrial peroxidase Prx3, can also directly scavenge ROS (H 2 O 2 ). A shift of Prx3 from active monomers to inactive dimers in Trx2-cKO heart may also contribute further to ROS production.
One of the major findings in this work is that Trx2 deletion in the heart triggers a cascade of mitochondrial ROS production, ASK1 activation, and cellular apoptosis, which promotes progressive maladaptive LV remodeling and cardiac dysfunction in Trx2-cKO mice ( Figure IX in the online-only Data Supplement). A surprising finding in the current study is that ASK1 activity is markedly increased in the early stages of DCM disease progression and precedes mitochondrial damage, cellular apoptosis, and cardiac dysfunction in the Trx2-cKO heart. Additionally, ASK1 was detected in mitochondria isolated from the WT hearts, and mitochondrial ASK1 level was increased by Trx2 deletion. Importantly, treatment with an ASK1-specific inhibitor blocked ROS production, mitochondrial dysfunction, and cellular apoptosis induced by either Trx2 deletion or siRNA knockdown in cardiomyocytes, confirming that ASK1 is a key mediator of cardiomyocyte injury induced by Trx2 deletion. We have previously reported that Trx2 can directly bind to and inhibit mitochondrial-localized ASK1, and inhibit mitochondrial-dependent apoptosis, independent from JNK phosphorylation. 14 Our data in the current study suggest that ASK1 activation, mitochondrial dysfunction, and ROS production are 3 interdependent events that may form a vicious positive-feedback cycle, which promotes cardiomyocyte cell death ( Figure IX in the online-only Data Supplement for a model): Deletion or knockdown of Trx2 in cardiomyocytes increases ASK1 activity and promotes mitochondrial dysfunction, ROS production, and apoptosis. Importantly, these Trx2 deletion-induced effects in cardiomyocytes could be completely attenuated by ASK1 inhibition, demonstrating a causal role for ASK1 as a critical effector of mitochondrial-dependent cardiomyocyte cell death induced by Trx2 deletion.
The role of apoptosis in the development of DCM has been previously demonstrated by using an inducible expression of an apoptotic protein in the mouse heart. 42, 43 Inducible expression of caspase-8 in the heart confers cardiomyocyte apoptosis at a low rate (0.023%), which is sufficient to cause a lethal DCM within 8 to 24 weeks. Interestingly, this time course for DCM and lethality is close to that observed in the Trx2-cKO mice. These data indicate that cardiomyocyte apoptosis may represent a common mechanism for the progression of DCM and heart failure. Importantly, the inhibition of ASK1 could prevent maladaptive LV remodeling and rescue the cardiac dysfunction in Trx2-cKO mice, similar to the rescue observed by ROS scavengers or caspase inhibitors in other models of heart failure. 42, 43 Recent reports have demonstrated that the inhibition of ASK1 could also reduce myocardial infarct size in rat and mouse models of ischemia/reperfusion. 44, 45 Our data provide the first report that inhibition of ASK1 is a potential therapeutic strategy for the treatment of DCM and heart failure.
